Using stable nitrogen and carbon isotope signatures, we investigated the trophic ecology and identified potential prey fish groups supporting the giant Arapaima within floodplain lakes of the Essequibo River basin in southwestern Guyana. Morphological descriptions of feeding structures and digestive tract are presented together with preliminary data on Arapaima diets. Stable isotope results suggest that algivorous/detritivorous and omnivorous fishes contributed most to Arapaima biomass, and generally, that was consistent with what is known about Arapaima diets. Stable nitrogen isotope ratios for piscivorous fishes in these lakes were higher than nitrogen isotope ratios for Arapaima, indicating that piscivorous fishes are unlikely to constitute a major source of energy for Arapaima. This population of Arapaima has an intestine averaging 1.45 times total body length, relatively small teeth, and numerous, closely-spaced gill rakers. These morphological features, together with isotope data, support our inference that Arapaima are secondary consumers and may be better characterized as omnivores and not top predators.
Introduction
Neotropical freshwaters support very high fish diversity and productivity (Lowe-McConnell, 1987; Lundberg et al., 2000; Allan et al., 2005; Martelo et al., 2008) , which in turn provide protein and income for the vast majority of people who live near those waters (Bayley & Petrere, 1989; Almeida et al., 2009; Junk, 2007) . Unfortunately, many exploited species are declining (Allan et al., 2005; Estes et al., 2011; Castello et al., 2013) , and developing effective management and conservation programs will require, among other things, an understanding of feeding ecology and energy sources fueling fish food webs. Information on trophic ecology of fishes often has been derived from stomach content analyses which can provide high-resolution data on food items consumed but has several shortcomings. For instance, stomach content analyses are time consuming, offer only a relative snapshot of the most recent foraging activity, and more importantly, some ingested materials may fail to assimilate and supply animal cells with nutrients (Michener & Schell, 1994) . The actual contribution of a food item to an organism's biomass or energy needs, thus, may not be accurately reflected by its relative mass as determined by stomach content analyses alone.
An alternative method to assess time-integrated, assimilated diet is to analyze stable isotope ratios of an organism's tissues (Melville & Connolly, 2003; Garcia et al., 2006) . Stable isotopes of nitrogen become enriched in the heavier isotope as they move to higher levels within a food web, and they are generally used as an indicator of trophic position (Peterson & Fry, 1987; Kelly, 2000; Post, 2002) . In contrast, once stable carbon isotopes are fixed by a primary producer, they change little as they pass through the food web, but their ratios differ markedly among primary producers using different photosynthetic pathways (e.g., C 3 vs. C 4 plants). Stable carbon isotopes thus are useful for evaluating an animal's primary energy sources (Post, 2002) . Here we analyze stable nitrogen and carbon isotope ratios ( Historically, Arapaima have been among the most important food fishes in the Amazon and Essequibo River basins, and intense harvesting has resulted in substantial population declines and even near extirpations in some areas (Queiroz & Sardinha, 1999; . Community-based management programs and protected areas have been effective in facilitating recovery of depleted populations in some areas (Castello et al., 2009; . Recent studies on growth (Arantes et al., 2010) , nesting (Castello, 2008a) , and migration (Castello, 2008b) also have contributed information necessary for effective conservation and management of Arapaima. For Guyana and many areas of the Amazon basin, however, there are few or no published observations on trophic ecology of Arapaima, and there are few published studies on stable isotope ratios in Arapaima (Forsberg et al., 1993 , present only δ
13
C values for five individuals). Arapaima are sometimes characterized as 'predators' (e.g., Forsberg et al., 1993) or 'top predators' in food webs, but some diet studies in Brazil (Queiroz, 2000; de Oliveira et al., 2005) suggest that the characterization of Arapaima as a top predator may be an overly simplistic assumption. Information on sources of energy assimilated by Arapaima can contribute to an understanding of their role in the ecosystem and may have implications for estimating carrying capacity of various habitats for Arapaima populations. Our objective here is to further our understanding of Arapaima trophic ecology through stable isotope analyses of components of the food web and gut content analysis of Arapaima from Guyanese floodplain lakes. We also describe morphology of the digestive tract and feeding structures of Arapaima, because those features can be used to infer trophic position and have not been previously considered in the context of understanding the ecosystem role of Arapaima. Systematic status of the Guyanese Arapaima population remains unresolved, so here we only use the genus name. We anticipate that, ultimately, these fishes will be classified as A. arapaima (Valenciennes, in Cuvier and Valenciennes, 1847) , a nominal species previously described from the Essequibo River basin (Stewart, 2013, in press; Stewart & Watson, pers. comm.) .
Material and Methods

Field sampling
This study was conducted on the floodplains of the Essequibo River basin in south-western Guyana (approximately 4°N, 58°W; Fig. 1 ). There is a well-defined wet and dry season in this region and annual fluctuation in river water level is approximately 5 m. We sampled six floodplain lakes (surrounded by undisturbed primary rain forest) during the early part of the dry season (October-December 2008). During our field sampling, water level had receded and most lakes and ponds were disconnected from the main river channels.
We collected samples of Arapaima and potential prey fishes from three trophic guilds (i.e., algivores/detritivores, omnivores, and piscivores; see Table 1 for a list of species and number of specimens for each species). Potential prey fishes were categorized as algivores/detritivores, omnivores, and piscivores based on literature reports. Arapaima were captured with a large seine (150 m x 7 m, with 17 cm stretch mesh) and several gillnets (50 m x 3 m, with 8, 10 and 12 cm stretch meshes). Prey fishes were collected using a combination of seines, castnets and gillnets. For all fishes, we recorded total length (TL, tip of upper jaw to tip of caudal fin) to the nearest 0.5 cm using a measuring tape. A skinless, boneless sample of white muscle (~5 g) was removed from the dorso-lateral region of each fish specimen, covered with non-iodized salt (NaCl) and stored in sealed plastic bags for transport to the lab.
Stable isotope analyses
Salt-preserved fish muscle samples were first rinsed and then soaked in distilled water for 4 h. Salt preservation causes minimal isotopic shifts in fish muscle tissues (Arrington & Winemiller, 2002) . All samples were dried at 60°C for 48 h and ground to a fine powder using a mortar and pestle. Aliquots (500-1000 µg) of each sample were loaded into 4 x 6 mm UltraPure tin capsules. Samples were analyzed for δ 15 N and δ
13
C at the Environmental Science Stable Isotope Laboratory (EaSSIL), State University of New York, College of Environmental Science and Forestry (SUNY-ESF), using a Costech elemental analyzer linked via a ThermoFinnigan Conflo III interface to a ThermoFinnigan Delta XL Plus stable isotope mass spectrometer (EA-IRMS). Standards were Pee Dee Belemnite for carbon isotopes and atmospheric nitrogen for nitrogen isotopes.
Accuracy and precision of stable isotope measurements (expressed in the standard per mil notation, ± 95% CI) were verified using National Institutes of Standards and Technology RM8573 (δ 
Data analyses and food source modeling
We tested for differences in δ 15 N and δ
13
C values among Arapaima and fish prey using a one way ANOVA followed by post-hoc multiple comparisons using Tukey's HSD test (significance level of 0.05). We used IsoSource v1.3.1 software to calculate feasible combinations of prey fish groups (algivores/detritivores, omnivores, and piscivores) that could explain Arapaima nitrogen and carbon isotopic signatures (Phillips & Gregg, 2003) . This method examines all possible combinations of potential contributions (0-100%, in 1% increments) by each prey fish group. Tolerance values were initially set at 0.1‰ and increased incrementally by 0.1‰ up to a maximum of 2‰. To account for fractionation between trophic levels, +2.3‰ and +0.4‰ per trophic level were added to δ 15 N and δ
C values, respectively, for each prey fish group (McCutchan et al., 2003) . Bi-plots of δ 15 N and δ
C were constructed to visualize potential energy flows among prey fishes and Arapaima.
An underlying assumption of the IsoSource model is that the proportional contribution of a source to the mixture is similar for different elements (Philips & Koch, 2002) . In our study, this assumption is reasonable as the three diets are highly proteinaceous fish muscle with similar elemental concentrations (C/N = 4.5, 95% CI = ± 0.8).
We examined stomach contents for 17 Guyanese Arapaima as additional non-isotopic dietary inputs, so we were able to impose additional constraints to the output of the IsoSource model (following Phillips & Gregg, 2003) . The feasible contributions of each prey item to the diet of Arapaima were imported into Excel ® , and we constrained our data by assuming that: 1) algivores/detritivores are a greater proportion of the diet than piscivores, and 2) omnivores represent a greater proportion of the diet than piscivores. The feasible contributions of each of these dietary groups were subsequently reduced using this approach. As recommended by Phillips & Gregg (2003) , results are reported as the distribution of feasible solutions for each dietary source. The 1 st (minimum) and 99 th (maximum) percentile also are given, rather than the full range, which is sensitive to small numbers of observations on the extreme tails of the distribution.
Diets and morphology of trophic structures
We examined stomach contents for 24 Arapaima, and measured gut and pyloric caeca lengths for 23 individuals ranging from 96 to 202 cm. Stomach contents were typically removed within 1-3 hr of capture. Prey items in Arapaima stomachs were identified in the field to the lowest taxonomic level possible. In most cases, prey fish were partially digested and could only be identified to genus or family. Gut length was measured (to nearest 0.5 cm) by removing the entire alimentary canal, straightening out the intestine and measuring N values (± standard deviation -SD) for fishes from the Essequibo River basin, Guyana. the distance from the posterior end of the stomach (i.e., at the pylorus) to the anus using a measuring tape. Pyloric caeca were similarly measured from their origin to distal tip. We provided a qualitative description of jaw teeth and buccal cavity structures used in feeding based on dissections and skeletal preparations of several fishes.
Results
Arapaima and prey-fish isotope signatures
The δ N signatures was found for omnivores (range +12.1 to +8.6 ‰) and algivores/detritivores (+11.3 to +7.4‰), while the lowest variation was found for piscivores (+13.3 to +11.5‰) and Arapaima (+12.1 to +10.2‰).
Differences in δ
13
C values were significant among the three trophic groups of potential prey fishes and Arapaima (ANOVA: F 3 , 33 = 5.201, p = 0.005). Piscivores were more enriched than algivores/detritivores (p = 0.01) and omnivores were more enriched than algivores/detritivores (p = 0.01). The average δ 13 C value for algivores/detritivores was a result of one species group, curimatids, which were more depleted in 13 C compared to all other fish species sampled (Fig. 2) . When curimatids were excluded from the analysis, difference in δ 13 C among trophic groups were not significant (ANOVA: F 3 , 30 = 1.667, p = 0.195). Carbon signatures for Arapaima ranged from -27.4 to -30.9‰, and the mean was not significantly different from any of the prey fish trophic groups when curimatids were excluded from the comparison.
IsoSource modeling
There were 2,381 feasible combinations of the three diet sources that reproduced the observed δ 15 N and δ 13 C signatures in Arapaima diet within a 2% tolerance. There was a wide range of feasible solutions for each diet source: 0-42% for piscivores, 0-94% for omnivores, and 1-75% for algivores/detritivores (Fig. 3) . Applying additional constraints, based on stomach contents of Arapaima, the number of feasible combinations was reduced to 1,726 for omnivores > piscivores, and to 2,125 for algivores/detritivores > piscivores (Fig. 4) , and showed that Arapaima derived their biomass from a wide range of dietary sources. Piscivores were consistently the lowest component of the diet, with the majority of the diet (up to 95%) being omnivores and up to 75% being algivores/detritivores.
Diets and morphology of trophic structures
Of the 24 Arapaima stomachs examined, seven were empty. Most stomachs contained fish remains, while a few contained crustaceans (shrimps and crabs) and seeds in addition to fish remains. Catfishes (loricariids, callichthyids, and pimelodids) were the most frequent prey items with 25% of stomachs examined containing catfish remains, followed by knifefishes (16%), and characins (8%).
Teeth on the dentary, premaxillary and maxillary bones of the jaws were all in single rows and relatively short (Fig. 5c) . Tips of the jaw teeth were bluntly conical. Dorsally inside the buccal cavity, small, villiform teeth covered bony plates on the roof of the mouth (Fig. 5a ). Opposing those bones, the anterior basibranchial tooth plate also was covered with similar fine, villiform teeth (i.e., the 'bony tongue' that characterizes all osteoglossomorph fishes; Fig. 5b ). Farther posterior on the gill arches was a rounded tooth patch and a few small, irregular patches of fine teeth. Gill rakers on the first gill arch were relatively close-spaced, long, slender and bony (Fig. 5b) . Total number of gill rakers on the first arch averaged 42.95 (± 0.71 = 95% C.I., n = 40), with about 29 rakers on the lower part of that arch and 14 on the upper limb.
The digestive tract (Fig. 6 ) was relatively long, with the intestine looping back and forth along the length of the abdominal cavity (see Nelson, 1972: Fig. 4c ). The stomach was a muscular sack about 25% of TL of the fish. The intestine was relatively thick-walled; it was well differentiated from the stomach and measured on average 1.45 times TL of the fish (± 0.06 = 95% C.I., n = 23). Over the length range of fishes observed (96-202 cm TL), gut length as a proportion of TL showed a slight negative allometry, but slope of that trend was not significant. At the beginning of the intestine, two muscular pyloric caeca branched out (Fig. 6) , the longest of which measured an average of 0.203 TL (± 0.01 = 95% C.I., n = 23); the shorter one was 0.149 TL (± 0.009 = 95% C.I., n = 22). As with intestine length, the pyloric caeca did not show significant allometry.
Discussion
Our results suggest that algivorous/detritivorous and omnivorous fishes contributed most to Arapaima biomass. Piscivorous fishes were on average too enriched in 15 N to be making substantial contributions to Arapaima biomass (Fig.  2) . Several species belonging to the algivore/detritivore and omnivore trophic guilds had nitrogen signatures that were depleted compared to Arapaima and, potentially, could have served as important prey items. Estimates derived from IsoSource modeling suggested that out of the three trophic guilds, algivores/detritivores and omnivores contributed most to Arapaima biomass. The isotope results are supported by our stomach content analyses where algivorous/detritivorous and omnivorous fishes were the most abundant prey items. Our sample of diets was limited by constraints on sacrificing fishes, because Arapaima populations in the Essequibo River basin were seriously depleted (Watson, 2011) . Nonetheless, our limited diet observations were consistent with extensive diet samples reported for Arapaima from Mamirauá Reserve in central Brazil (Queiroz, 2000) . Queiroz (2000) found that piscivorous fishes generally were not important in Arapaima diets, but that Arapaima favored callichthyid, loricariid, and pimelodid catfishes together with knifefishes, some curimatids, and erythrinids; during the flood season, they also fed more heavily on macroinvertebrates, especially decapods. In general terms, Queiroz (2000) considered Arapaima to be "specialized carnivores".
The armored catfishes that we encountered in Arapaima stomachs were fairly abundant in our study lakes, perhaps because their bony plates protect them from other predators. Arapaima however, can compress their bony-tongues against toothed plates on the roof of the mouth (Fig. 5) , and thus, may be able to crush the bony armor and locked pectoral spines that characterize loricariids, callichthyids and other catfishes. Pinese (1996) also suggested that Arapaima may be able to crush and perhaps shred prey by working the bony tongue against teeth on the vomer and parasphenoid bones. The presence of catfishes and knifefishes in the diets also might suggest that Arapaima feed at night, because those fish groups tend to be active nocturnally. Our isotope results, taken together with both Guyanese and Brazilian (Queiroz, 2000) diet data, indicate that Arapaima feed relatively low or in the middle of the food web, and thus, were among the group of fishes that we broadly considered to be omnivorous. So, they typically would be secondary consumers, one trophic level above primary consumers. Queiroz (2000) inferred that plant materials found in Arapaima stomachs were ingested incidental to their powerful suction feeding on animal prey. We also found seeds and other pieces of plant materials in some Arapaima stomachs but were unable to determine if such vegetation was ingested deliberately or incidental to feeding on animal prey.
Our observations on gut morphology (Fig. 6 ) also are consistent with an omnivore trophic level, because strict piscivores typically would have a gut shorter than body length, while an herbivore would have a gut much longer than observed in Arapaima (Kapoor et al., 1975; German & Horn, 2006) . The function of the pyloric caeca in Arapaima has never been studied, but in various temperate fishes, caeca are a major site of nutrient uptake and serve to increase gut surface area (Buddington & Diamond, 1986) . Occurrence of precisely two caeca is characteristic of most osteoglossomorph fishes (Nelson, 1972) . Most piscivores also have sharper, more pronounced conical or canine teeth on the jaws and often have sharp, conical teeth on the roof of the mouth or even on pharyngeal tooth plates. The jaw and buccal teeth of Arapaima clearly do not fit that stereotype (Fig. 5) . The relatively high number of closely-spaced gill rakers in Arapaima is another indicator of a varied diet, including relatively smaller-bodied prey. Juvenile Arapaima (22-26.5 cm standard length) from the Araguaia River basin of southern Brazil were observed to feed on a variety of invertebrates together with about 53% by volume of detritus (de Oliveira et al., 2005) , and ingesting such fine particles would be difficult with widely-spaced gill rakers. Pinese (1996) also concluded that functional morphology of Arapaima feeding structures was more consistent with that of an omnivore than a piscivore.
In general, stable nitrogen and carbon isotope signatures for fishes from the different trophic guilds in floodplain lakes of the Essequibo River basin are similar to those reported for Amazonian floodplain systems (e.g., Araujo-Lima et al., 1986; Forsberg et al., 1993; Manetta et al., 2003) . Stable isotope signatures for Arapaima in Guyana, however, were less variable than those reported for a small sample of Arapaima from the central Amazon basin (i.e., δ 13 C = -28.4 to Fig. 4 . Histograms of the distribution of feasible contributions of the three dietary fish groups for Arapaima: a) piscivores, b) omnivores, and c) algivores/detritivores after imposing additional constraints of: I) omnivores > carnivores, and II) algivores/ detritivores > carnivores. Values in boxes are 1% percentile and 99% percentile ranges for these distributions.
-18.9‰; δ 15 N = +8.5 to +12.3‰, n = 6; Domingues, University of Utah, pers. comm.). Isotope values in a particular consumer at any point in time most likely reflect feeding behavior over the previous few months. Perhaps isotope variation in Guyanese Arapaima that we sampled was relatively low because they were feeding on prey organisms that were less diverse than the full suite of potential prey fishes that we sampled.
The depleted
13
C values observed for curimatids suggest that these fishes are receiving their carbon from a source that is different from other prey fishes in our sample. Other studies in tropical South America also have reported low 13 C values for curimatid fishes (e.g., Jepsen & Winemiller, 2007 ; δ 13 C = -38.1‰). In the central Amazon, fishes with such low δ 13 C values were primarily detritivorous characiforms, especially curimatids and prochilodontids that apparently fed on phytoplankton and/or detritus derived from phytoplankton (Forsberg et al., 1993) .
Results show considerable promise for isotope analyses to improve our understanding of the ecosystem role of Arapaima. Stable isotope analyses have the advantage of providing an integrative perspective on recent feeding habits without having to sacrifice large numbers of individuals over time for stomach analyses (e.g., Melville & Connolly, 2003; Garcia et al., 2006) . Our results taken as a whole (i.e., isotope values, morphology and diets) suggest that Guyanese Arapaima are more appropriately considered omnivores rather than top predators. That does not take away from their role as consumers in Neotropical ecosystems, however, because their rapid growth (Arantes et al., 2010) , large adult size, and relatively low trophic level may allow them to attain very high biomass. It also is evident that there are more than one species of Arapaima in the Amazon River basin (Stewart, 2013, in press ), so further studies may reveal that some species are trophic specialists, Arantes, Nov. 2006) . The intestine in this specimen was 1.77 times TL, which was longer than the average for both Essequibo and Mamirauá populations.
including top predators. To date, there are no studies on ecosystem effects of these huge fishes at their historic abundances, which were estimated to be about eight times higher than today's overall average abundances in the Amazon (Castello et al., 2011) . If conservation and management efforts ultimately are successful in bringing Arapaima back to their former abundances, economic returns from harvesting their populations could be substantially greater than at present. There are no free lunches, however, so some prey populations are likely to decline as a result. Studies like this one can be important for understanding both potential effects on food webs and related carrying capacities of floodplain ecosystems for sustaining Arapaima. Managing Neotropical floodplains with an ecosystem perspective should be our long-term goal.
